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ABSTRACT

Lassa virus is an Old World Arenavirus which causes Lassa hemorrhagic fever in humans, mostly in West Africa. Lassa fever is an
important public health problem, and a safe and effective vaccine is urgently needed. The infection causes immunosuppression,
probably due to the absence of activation of antigen-presenting cells (dendritic cells and macrophages), low type I interferon
(IFN) production, and deficient NK cell function. However, a recombinant Lassa virus carrying D389A and G392A substitutions
in the nucleoprotein that abolish the exonuclease activity and IFN activation loses its inhibitory activity and induces strong type
I IFN production by dendritic cells and macrophages. We show here that during infection by this mutant Lassa virus, antigen-
presenting cells trigger efficient human NK cell responses in vitro, including production of IFN-y and cytotoxicity. NK cell acti-
vation involves close contact with both antigen-presenting cells and soluble factors. We report that infected dendritic cells and
macrophages express the NKG2D ligands major histocompatibility complex (MHC) class I-related chains A and B and that they
may produce interleukin-12 (IL-12), IL-15, and IL-18, all involved in NK cell functions. NK cell degranulation is significantly
increased in cocultures, suggesting that NK cells seem to kill infected dendritic cells and macrophages. This work confirms the
inhibitory function of Lassa virus nucleoprotein. Importantly, we demonstrate for the first time that Lassa virus nucleoprotein is
involved in the inhibition of antigen-presenting cell-mediated NK cell responses.

IMPORTANCE

The pathogenesis and immune responses induced by Lassa virus are poorly known. Recently, an exonuclease domain contained
in the viral nucleoprotein has been shown to be able to inhibit the type I IFN response by avoiding the recognition of viral RNA
by cell sensors. Here, we studied the responses of NK cells to dendritic cells and macrophages infected with a recombinant Lassa
virus in which the exonuclease functions have been abolished and demonstrated that NK cells are strongly activated and pre-
sented effective functions. These results show that the strategy developed by Lassa virus to evade innate immunity is also effec-
tive on NK cells, explaining the weak NK cell activation observed with the wild-type virus. By providing a better understanding
of the interactions between Lassa virus and the host immune system, these results are important for the field of arenavirus biol-
ogy and may be useful for a vaccine approach against Lassa fever.

degradation of immunostimulatory dsRNA molecules prevents

Lassa fever is a public health threat in West Africa. There are
RIG-I (retinoic acid-inducible gene I) recognition and down-

300,000 to 500,000 cases annually and 5,000 to 6,000 deaths

(1). The transmission of Lassa virus (LASV), the etiologic agent, to
humans can cause a wide variety of symptoms ranging from an
asymptomatic infection to a fatal severe hemorrhagic fever in up
to 15% of cases. The antiviral drug ribavirin is effective, but there
are issues associated with its use, particularly, cost, the need for
early administration, and the deleterious effects observed during
pregnancy. A safe and effective vaccine is urgently needed, and
several vaccine candidates have been studied (2). However, no
useful vaccine is commercially available and approved.

Lassa virus is a bisegmented, negative, single-stranded RNA
(ssRNA) virus belonging to the Old World Arenavirus family (3).
The viral genome encodes four genes in an ambisense manner.
The small (S) segment encodes the precursor of the glycoprotein
(GPC, cleaved to give GP1 and GP2) and the nucleoprotein (NP).
The RNA-dependent RNA polymerase L and the small zinc finger
matrix Z protein are encoded by the large (L) segment. NP is a
multifunctional protein involved in viral genomic RNA encapsi-
dation, viral RNA synthesis, and, by inhibiting the type I inter-
feron (IFN) pathway, immune evasion (4—6). NP has a 3'-5' exo-
nuclease activity comparable to the DEDDh enzymes so that it can
process double-stranded RNA (dsRNA) substrates (7-9). The
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stream initiation of type I IEN production (7, 10).

LASV replicates in antigen-presenting cells (APC), including
dendritic cells (DC) and macrophages (M), without causing cy-
topathic effects (11, 12). Upon infection, DC remain unactivated,
and M¢ produce only very small amounts of type I TFN (13). Low
and late T cell responses without cytotoxicity or memory occur
during LASV infection of DC in an in vitro model (14). Similarly,
we have shown that LASV-infected DC do not induce NK cell
activation in vitro (15). LASV infection of M leads to the activa-
tion of NK cells, the downregulation of the chemokine receptor
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CXCR3, the upregulation of the cytotoxicity receptor NKp30, and
an increased ability to kill sensitive K562 targets. The activation
mediated by LASV-infected M, however, is not sufficient to en-
able the killing of infected cells or the production of IFN-y. We
also found that NK cell activation requires type I IFN although
only small amounts are produced.

NK cell functions during viral infections have been extensively
studied (16). NK cells are involved in viral clearance by killing
infected cells and in the initiation of T cell responses promoted by
IEN-vy production (17). The cross talk with APC potentiates NK
cell functions: receptor/ligand signaling during contacts between
cells and with soluble mediators such as type I IFN are essential for
the activation of NK cell cytotoxicity and trigger NK cell-mediated
production of IFN-vy (18).

We have generated a recombinant LASV containing D389A
and G392A substitutions in the C-terminal domain of NP (rNP-
LASV). D389 was previously shown to be involved in the exonu-
clease activity of NP as it is within the active site, and G392 was
found to be crucial for IFN suppression (4, 7, 8). NP-LASV, but
not the recombinant wild-type virus (rWT-LASV), induces sub-
stantial production of type I IFN by DC and M (19). We show
here that DC and M¢ infected by rNP-LASV induce strong NK
cell activation leading to IFN-+y secretion. The stimulated NK cells
trigger cytotoxicity toward infected cells and activation of APC.
This work shows for the first time that the exonuclease function of
LASV NP is involved in the inhibition of APC functions, including
mediating NK cell activation. NK cells are central to the initiation
of T cell responses, so these findings contribute insights that will
help in the design of vaccines that elicit long-lasting T cell immu-
nity.

MATERIALS AND METHODS

Cells and virus strains. Vero E6 and K562 cells were grown in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 1% penicillin-
streptomycin and with 5% and 10% fetal calf serum (FCS), respectively
(all from Life Technologies, Saint Aubin, France), at 37°C with 5% CO,.

Recombinant wild-type LASV (rWT-LASV) and NP-D389A/G392A
(rNP-LASV) were generated by reverse genetics as previously described
(19) and passaged twice in Vero E6 cells. Viral supernatants were har-
vested, titrated, and used as the infectious virus stock. Virus-free super-
natants of Vero E6 cell cultures were used for mock experiments.

Cell lines and virus stocks were not contaminated by mycoplasma.

All experiments were carried out in biosafety level 4 (BSL4) facilities
(Laboratoire P4 Jean Mérieux-Inserm, Lyon, France).

Preparation of DC, M, and NK cells. Monocytes and NK cells were
isolated from the blood of consenting healthy donors provided by the
Etablissement Francais du Sang (Lyon, France) as previously described
(11, 15). In particular, monocytes and NK cells were purified by immu-
nomagnetic depletion and negative selection with a monocyte isolation
kit and an NK cell isolation kit, respectively (both from Miltenyi Biotech,
Auburn, CA, USA).

Monocytes were then induced to differentiate into M and DC by
culture in RPMI 1640 medium with GlutaMAX I, 1% penicillin-strepto-
mycin, 10 mM HEPES, 1% nonessential amino acids, and 10% FCS (all
from Life Technologies) (C-RPMI), supplemented with 50 ng/ml macro-
phage colony-stimulating factor (M-CSF; Miltenyi Biotech) and 10% au-
tologous decomplemented plasma for Mé or with 1,000 IU/ml granulo-
cyte-macrophage colony-stimulating factor (GM-CSF) and 500 IU/ml
interleukin-4 (IL-4) (all from PeproTech, London, United Kingdom) for
DC; 40% of the medium and cytokines was replaced every 48 h, and DC
and M¢ were harvested after 6 days.

NK cells were frozen in 90% FCS-10% dimethyl sulfoxide (DMSO)
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(Sigma, Saint-Quentin Fallavier, France) and stored in liquid nitrogen
until culture with DC or M.

Infection of DC and M and culture with NK cells. DC and M were
incubated for 1 h at 37°C with virus-free Vero E6 cell supernatant (mock)
or recombinant LASV at a multiplicity of infection (MOI) of 2, washed,
and resuspended at 10° cells/ml in C-RPMI medium.

In coculture experiments, NK cells were thawed and added to APC
cultures at an NK cell/APC ratio of 1:5. In some experiments, contact
between NK cells and APC was prevented by a polycarbonate membrane
with 0.4-pm pores (Corning Life Sciences, Schiphol-Rijk, The Nether-
lands).

Phenotypic analysis by flow cytometry. Cells were harvested and in-
cubated with specific monoclonal antibody (MAD) in phosphate-buffered
saline (PBS)-5% human serum for 30 min at 4°C. NK cell surface mole-
cules were stained with the following antibodies (Abs): anti-CD25-fluo-
rescein isothiocyanate (FITC) or allophycocyanin (APC)-Cy7 (M-A251),
anti-CD56-Alexa Fluor 488 or phycoerythrin (PE)-Cy5 (B159), anti-
CD69-PE-Cy5 (FN50), and anti-CXCR3-PE-Cy5 (1C6/CXR3) from BD
Pharmingen (San Diego, CA, USA); anti-CD3-PE-Cy7 (SK7) or Krome
Orange (UCHT1), anti-CD25-FITC (B1.49.9), anti-NKp30-PE (Z25),
and anti-NKG2D-PE (ON72) from Beckman Coulter (Marseille, France).
For analysis of intracellular granzyme B (GrzB), NK cells were permeab-
ilized with a Cytofix/Cytoperm kit (BD Pharmingen) according to the
manufacturer’s instructions and stained with anti-GrzB-FITC (GB11; BD
Pharmingen). Similarly, DC and M were stained with anti-major histo-
compatibility complex (MHC) class I-related chains A and B (MICA/
B)-PE (6D4; BD Pharmingen) and anti-Fas-PE-Cy5 (DX2; eBioscience,
Paris, France).

Finally, cells were fixed with paraformaldehyde in PBS and analyzed by
flow cytometry (Epics-XL and Gallios flow cytometers; Beckman
Coulter). Data were computed with Flow]o software. NK cells were gated
according to forward scatter and side scatter characteristicsand toa CD3 ™~
CD56™ phenotype.

CD107a assay. NK cell degranulation was assessed by CD107a label-
ing. Mouse anti-CD107a-FITC Ab (H4A3; BD Pharmingen) was added at
48 h postinfection, and cells were incubated for 4 h at 37°C. Monensin
(Golgi-Stop; BD Pharmingen) was used for the last 3 h to prevent CD107a
degradation. NK cells were then labeled using Ab specific for phenotypic
surface molecules and analyzed by flow cytometry. NK cells were gated as
CD56™" CD3™ CD14~ cells. In some experiments, K562 target cells were
added after 48 h to the NK/APC cultures at an effector/target (E/T) ratio of
10:1 to induce degranulation.

ELISA. Supernatants of cultures were collected at 24 and 72 h postin-
fection and stored at —80°C. Commercial enzyme-linked immunosor-
bent assay (ELISA) kits were used to assay IFN-y (Bender MedSystems),
soluble UL16-binding protein 1 (sULBP-1), and IL-18 (R&D Systems,
Lille, France) according to the manufacturers’ instructions.

Analysis of mRNA levels by quantitative reverse transcription-PCR
(RT-PCR). Total RNA was obtained at 24 h after infection using RNeasy
kits and DNA I digestion (Qiagen, Hilden, Germany). Reverse transcrip-
tion was carried out using SuperScript III reverse transcriptase,
RNaseOUT, first-strand buffer, dithiothreitol (DTT), oligo(dT), and de-
oxynucleoside triphosphate (ANTP) mix (all from Life Technologies).
The resulting cDNA was analyzed by real-time PCR in an ABI Prism 7000
(Applied Biosystems, Foster City, CA, USA) or a LightCycler 480 (Roche
Diagnostic, Meylan, France) thermocycler with TagMan Universal master
mix and commercial primers and probes for the sequences encoding
IEN-v, GrzB, perforin, FasL, TRAIL, MICA, MICB, ULBP-1, ULBP-2,
B7H6, IL-12p35, IL-12p40, IL-15, and IL-18 (all from Applied Biosys-
tems). The glyceraldehyde-3-phosphate dehydrogenase (GAPDH) gene
was amplified with commercial primers and probes (Applied Biosystems)
for normalization. Relative mRNA levels were then calculated as 27 2¢7,
where C; is cycle threshold and AC = C; of the target gene — C;. of
GAPDH.
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FIG 1 The infection of DC and M by rNP-LASV induces NK cell activation and modification of the receptor repertoire. Resting NK cells were cocultured with
mock-, rWT-LASV-, or rNP-LASV-infected DC (A) or M¢ (B), and the expression of CD69, CD25, NKp30, NKG2D, and CXCR3 was analyzed at 72 h
postinfection by flow cytometry. NK cells were gated according to forward scatter/side scatter characteristics and the expression of CD56. The results are reported
as percentages of positive cells from independent experiments (n = 4 and n = 5 for NK/DC and NK/M¢ experiments, respectively), indicated by dots, and mean
values are indicated by horizontal bars. Statistical significance of differences was determined using one-way ANOVA, and differences between conditions were
assessed by a Bonferroni post hoc test (*, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001).

Statistical analysis. Statistical analyses were performed with Graph-
Pad Prism software, version 5.04 (San Diego, CA, USA). One-way analysis
of variance (ANOVA) with a Bonferroni post hoc test, Kruskal-Wallis with
Dunn’s test, and two-way ANOVA followed by a Bonferroni test were
used as specified in the figure legends to determine the significance of
differences (P < 0.05).

RESULTS

NK cells are activated by rNP-LASV-infected APC. As previously
shown (19), we observed that in contrast to rWT-LASV, rNP-
LASV was strongly attenuated in DC and Md single cultures as
well as NK/APC cocultures (data not shown). Infection of APC
with rNP-LASV leads to the production of large amounts of type I
IFN, whereas this is not the case following infection with rWT-
LASV (19). Similarly, the levels of type I IFN produced in NK/APC
cocultures were comparable to the level found in APC single cul-
tures (data not shown). We infected DC and M with rWT-LASV,
rNP-LASV, or a virus-free supernatant (mock), and NK cells were
then added. The cells were incubated for 72 h, and the NK cells
were stained for various markers of activation and analyzed by
flow cytometry. During rWT-LASV infection, only M¢ were able
to induce CD69 expression on NK cells, and the level of CD25
expression remained unchanged (Fig. 1). CD69 and CD25 were
significantly upregulated on NK cells after stimulation with rNP-
LASV-infected DC and Md (Fig. 1). The numbers of CD69-ex-
pressing NK cells were higher during rNP-LASV than rWT-LASV
infection of M. Thus, the infection of DC and M¢ by a recom-
binant LASV mutated within or nearby the exonuclease domain of
NP leads to strong NK cell activation.

December 2014 Volume 88 Number 23

Activating and chemokine NK cell receptors are modulated
by rNP-LASV-infected APC. NK cells were stimulated with rwT-
LASV-infected, INP-LASV-infected, or mock-infected DC or M
for 72 h, and the expression of selected NK cell receptors was
investigated by flow cytometry. We analyzed the expression of
NKp30 and NKG2D, which are involved in NK cell-mediated cy-
totoxicity. NKp30 was significantly upregulated on NK cells cul-
tured with rWT-LASV-infected M¢ only, and the expression of
NKG2D was unchanged upon culture with rwT-LASV-infected
Mo (Fig. 1). NKp30 expression was not modified during rNP-
LASV infection of DC, but it was significantly decreased after
stimulation with infected M. rNP-LASV-infected DC and Md
induced NKG2D downregulation on NK cells. We also studied the
expression of the chemokine receptor CXCR3. Upon rWT-LASV
infection, CXCR3 was downregulated only after stimulation with
infected M¢ (Fig. 1). In contrast, INP-LASV-infected DC and M
each induced a significant and large decrease in CXCR3 surface
expression. Thus, the expression levels of some activating and
chemokine NK cell receptors are substantially modified during
the infection of APC by arecombinant LASV harboring mutations
affecting the exonuclease activity of NP.

NK cell activation mediated by rNP-LASV-infected APC in-
volves cell contacts and soluble factors. We have previously
shown that cell contacts as well as soluble factors are involved in
NK cell activation mediated by LASV-infected M (15). Here, we
tested whether cell contacts contribute to the activation and the
modification of the repertoire of NK cells during rNP-LASV in-
fection. NK cells were cultured for 72 h with INP-LASV- or mock-
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FIG 2 Cell contacts are involved in NK cell activation. Expression of surface molecules by NK cells cocultured with mock- or INP-LASV-infected DC (A) or M
(B). NK cells were cultured mixed with APC (Mix) or separated from APC by a semipermeable membrane (Transwell). NK cells were gated according to forward
scatter/side scatter characteristics and expression of CD56. The percentage of NK cells expressing CD69, CD25, NKp30, NKG2D, and CXCR3 was analyzed at 72
h postinfection by flow cytometry; the values reported are means of three independent experiments. Standard errors of the means are represented by error bars.
Two-way ANOVA followed by a Bonferroni post hoc test was used for statistical analysis, and significant differences between mix and transwell means are shown

(*, P < 0.05; **, P < 0.01; ****, P < 0.0001).

infected APC either as mixed cultures or separated from them by
a semipermeable membrane (transwell culture). NK cells were
then stained and analyzed by flow cytometry. Consistent with pre-
vious findings, INP-LASV-infected DC and M¢ induced an in-
crease in CD69 expression by NK cells in mixed cultures (Fig. 2).
When NK cells were separated from the NP-LASV-infected APC,
CD69 was still upregulated but to a lower extent, which was sig-
nificant for DC cultures, indicating that both cell contacts and
soluble factors contribute to CD69 upregulation. In transwell cul-
tures with no cell contacts between NK cells and rNP-LASV-in-
fected APC, the CD25 upregulation observed in mixed cultures
was completely absent. We also observed that the modification of
the expression of NKG2D but not of CXCR3 was significantly
smaller in transwell cultures than in mixed cultures. Thus, NK cell
activation and the modification of the expression of some recep-
tors involve cell contacts with infected DC and Md as well as
APC-produced soluble factors. However, the decline in CXCR3
expression is dependent only on soluble factors.
rNP-LASV-infected M induce the production of IFN-y by
NK cells. NK cells were cultured with rtWT-LASV-, INP-LASV-,
or mock-infected DC or M¢, and IFN-vy synthesis was investi-
gated. Total mRNA was extracted and analyzed by real-time RT-
PCR; the changes in the abundance of IFN-y mRNA in the NK/
APC cultures during rWT-LASV infection were small, whereas
there was a substantial and significant increase after stimulation
with rNP-LASV-infected DC and M¢ (Fig. 3A). As expected, we
confirmed that low levels of mRNA encoding IFN-vy were tran-
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FIG 3 The infection of DC and M¢ by rNP-LASV induces IFN-vy production
by NK cells. Resting NK cells were cultured with mock-, rtWT-LASV-, or rNP-
LASV-infected DC or M. (A) IFN-y mRNA was assayed at 24 h postinfection
by quantitative RT-PCR, and values were normalized to the value for GAPDH.
The results shown are means and standard errors of the means of independent
experiments (n = 4 and n = 5 for NK/DC and NK/M¢ experiments, respec-
tively). (B) The supernatants from cultures of NK cells and mock-, rWT-
LASV-, or INP-LASV-infected DC or M¢ were collected at 72 h postinfection
and assayed for IFN-y by ELISA. The results shown are means and standard
errors of the means of independent experiments (n = 5 and n = 7 for NK/DC
and NK/M¢ experiments, respectively). The statistical significance of differ-
ences was determined using one-way ANOVA with a Bonferroni test (A) or
Kruskal-Wallis with Dunn’s test (B) (*, P < 0.05; **, P < 0.01; ***, P < 0.001).
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scribed in DC and M¢ single cultures (data not shown). Indeed,
NK cells are known to be major producers of IFN-vy along with T
cells. Culture supernatants were collected and assayed by ELISA.
Large amounts of IFN-y were detected only in NK cell and rNP-
LASV-infected M¢ cultures (Fig. 3B). This is the first demonstra-
tion that a recombinant LASV carrying mutations that affect the
exonuclease function of NP can induce NK cell-mediated IFN-y
secretion in the presence of infected M.

Granzyme B, perforin, FasL, and TRAIL lytic factors as well
as Fas receptor seem to be upregulated during rNP-LASYV infec-
tion. DC and M¢ were infected with rWwT-LASV, rNP-LASV, or
with mock supernatant, and NK cells were added to the cultures.
We investigated the expression of some molecules involved in
cytotoxicity, including granzyme B (GrzB) and perforin, compo-
nents of lytic granules, and Fas/FasL and TRAIL/TRAIL receptors
DR4 and DRS5, involved in the death receptor (DR) pathway. The
abundance of GrzB mRNA was higher, but not significantly
higher, in culture with rNP-LASV-infected M¢ than in controls
(Fig. 4A). Similarly, the amount of intracellular GrzB found by
flow cytometry was slightly, but not significantly, larger than that
of controls in NK cells cultured with rWT-LASV-infected Md
only and rNP-LASV-infected APC (Fig. 4B). Only the amount of
mRNA encoding perforin was found to be significantly above con-
trol values in the culture of NK cells and rNP-LASV-infected M
(Fig. 4A). However, the amount of intracellular perforin in NK
cells in the infected cultures was not different from that in controls
(data not shown). FasL mRNA was more abundant in the culture
of NK cells and rNP-LASV-infected M¢ than in controls. The
amount of TRAIL mRNA was unaffected by rWT-LASV infection
but was substantially higher in cultures of NK cells and rNP-
LASV-infected DC or M. Soluble FasL and TRAIL concentra-
tions in the supernatant of INP-LASV-infected NK/APC cultures
were below the threshold of detection by ELISA (data not shown).

DC and M¢ were harvested at 72 h postinfection and stained
for the Fas receptor. No change was observed during rwT-LASV
infection (Fig. 4C). However, the expression of Fas at the surface
of rNP-LASV-infected DC and Md¢ was stronger although the
difference was significant only for DC cultures. We found no dif-
ference in the expression levels of TRAIL receptors DR4 and DR5
(data not shown).

These investigations show that the infection by a recombinant
LASV containing mutations affecting the exonuclease activity of
NP seems to increase cytotoxic abilities of NK cells, possibly in-
volving GrzB/perforin and Fas/TRAIL death receptor pathways.

rNP-LASV-infected APC stimulate NK cell cytotoxicity. NK
cells were cultured with rWT-LASV-, rNP-LASV-, or mock-in-
fected DC or M¢ for 48 h. K562 cells lacking MHC class I were
added to the culture for the last 5 h to trigger NK cell-mediated
killing. NK cells were then stained, and degranulation was ana-
lyzed by CD107a surface exposure. The numbers of CD107a-ex-
pressing NK cells increased after dual stimulation with rWT-
LASV-infected M¢ and K562 target cells, whereas there was no
change with infected DC (Fig. 4D). NK cell degranulation toward
K562 cells was increased after stimulation with rNP-LASV-in-
fected DC and M, but the difference was significant only for DC
cultures. Even in the absence of sensitive K562 cells, the expression
of CD107a at the surface of NK cells increased upon rNP-LASV
infection of DC and Md; this indicates that NK cells can them-
selves trigger degranulation toward infected APC (Fig. 4E). APC
were infected with rNP-LASV at a low MOI to analyze viral
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growth, and NK cells were added to the cultures. As previously
shown (19), -INP-LASV is strongly attenuated, and the titers were
not detectable after 24 to 48 h postinfection (data not shown).
Unfortunately, we could not evaluate any difference in INP-LASV
replication in the presence or absence of NK cells. These experi-
ments show that DC and M¢ infected by a recombinant LASV
mutated within or nearby the exonuclease domain of NP can in-
crease NK cell cytotoxic functions and stimulate NK cell killing.
rNP-infected DC and Md express NK cell-activating
NKG2D ligands. DC and M¢ were infected with rtWT-LASV,
rNP-LASV, or a mock supernatant and cultured with or without
NK cells. The expression levels of NKG2D ligands, including
MHC class I-related chain A (MICA) and MICB, UL16-binding
protein 1 (ULBP-1) and ULBP-2, and B7H6, an NKp30 ligand,
were investigated by quantitative RT-PCR and flow cytometry.
During rWT-LASV infection, only M¢ seemed to induce MICB
transcription (Fig. 5A). The amounts of the mRNAs for MICA and
MICB were modestly higher in the cultures of NK cells and r-NP-
LASV-infected DC and M than in controls; the differences were
significant only for MICB mRNA in NK/M¢ cultures. We ob-
served similar results in the absence of NK cells (data not shown).
MICA/B molecules were significantly overexpressed at the surface
of r-NP-LASV-infected DC and M, whereas there was no differ-
ence during rWT-LASV infection (Fig. 5B). The amounts of
ULBP-1 and ULBP-2 mRNAs were not modified in the culture of
NK cells and rWT-LASV-infected APC (Fig. 5A). However, there
were significantly more ULBP-1 and ULBP-2 mRNAs in NK/DC
and NK/M¢ cultures upon rNP-LASV infection than in controls.
The amount of soluble ULBP-1 in the supernatant of NK/APC
during rWT-LASV or rNP-LASV infection was not different from
that in mock cultures, as determined by ELISA (Fig. 5C). There
was significantly less soluble ULBP-1 in the supernatant of
NK/M¢o cultures when Md were infected with rNP-LASV than
with rWT-LASV. B7H6 mRNA was slightly but not significantly
higher during rNP-LASV infection than under other conditions
only in NK/M¢ cultures (Fig. 5A). The mRNA for BAT3/BAG6,
another NKp30 ligand, was not modified after infection (data not
shown). Thus, infection with a recombinant LASV that contains
mutations affecting the exonuclease function of NP upregulates
some NKG2D ligands at the surface of APC.
rNP-LASV-infected APC produce mRNAs encoding cyto-
kines involved in NK cell activation. DC and M were infected
with rWT-LASV, rNP-LASV, or a mock supernatant and cultured
with or without NK cells. Total RNAs were extracted 24 h later,
and mRNAs encoding cytokines involved in NK cell activation
were assayed by quantitative RT-PCR. We found no significant
modification of the levels of mRNAs encoding IL-12p35, IL-
12p40,IL-15,and IL-18 during rWT-LASV infection of DC or M
(Fig. 6A). In contrast, these mRNAs were more abundant in the
rNP-infected DC and M¢ cultures. Similarly, IL-12p35 and IL-15
mRNAs were significantly more abundant in all NK/APC cultures
upon rNP-LASV infection than in controls. The mRNAs for IL-
12p40 and IL-18 were also more abundant when NK cells were
added to rNP-LASV-infected Md but were unaffected in the
NK/DC cultures. Neither IL-12 nor IL-15 was detected in the su-
pernatant of infected cultures (data not shown), and the amounts
of IL-18 were similar in all samples (Fig. 6B), indicating that these
cytokines were not released in large amounts. These analyses show
that infection by a recombinant LASV mutated within or nearby
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FIG 4 The infection of DC and M by rNP-LASV induces increased cytotoxicity of NK cells and the killing of infected cells. Resting NK cells were cultured with
mock-, 'WT-LASV-, or INP-LASV-infected DC or M. (A) The mRNAs encoding GrzB, perforin, FasL, and TRAIL were assayed in cocultures of NK cells and
mock-, 'WT-LASV-, or INP-LASV-infected DC or M at 24 h postinfection by quantitative RT-PCR. The values were normalized to those for GAPDH, and the
results shown are means and standard errors of the means of independent experiments (# = 4 and n = 5 for NK/DC and NK/M¢ experiments, respectively). (B)
Intracellular GrzB in NK cells cocultured with DC or M¢ and analyzed at 72 h postinfection by flow cytometry. NK cells were gated according to forward
scatter/side scatter characteristics and expression of CD56. Dots indicate the percentages of positive cells in independent experiments, and mean values are
indicated by horizontal bars. (C) Expression of Fas by DC and M¢ determined at 48 h postinfection by flow cytometry. The percentages of positive DC are
depicted as dots corresponding to independent experiments, and their means are indicated by horizontal bars (left panel). The mean fluorescence intensity (MFI)
of Fas was analyzed for M, and results are shown for rWT-LASV- and rNP-LASV-infected M¢ as fold change relative to mock-infected cells (right panel). Means
and standard errors of the means of three independent experiments are shown. (D) K562 target cells were added to NK/DC and NK/M¢ cultures at 48 h
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followed by a Bonferroni post hoc test (* and #, P < 0.05; ** and ##, P < 0.01; ***, P < 0.001).

the exonuclease domain of NP leads to the transcription of the
genes for IL-12p35, IL-12p40, IL-15, and IL-18 in DC and M¢.

DISCUSSION

The pathogenesis and the immune responses occurring during
viral hemorrhagic fevers including LASV infection are still poorly
understood. Nevertheless, the etiologic agents currently cause ma-
jor public health problems in countries of endemicity, and some
viruses are even emerging in new, populated areas (20). The pri-
mary type I IFN response is inhibited in APC by LASV NP (7, 8),
suggesting that the overall immune response may be affected dur-
ing the infection. Our work with an in vitro model previously
showed that NK cells are activated by LASV-infected M but not
by LASV-infected DC. However, these cells are not able to trigger
effective cytotoxicity toward infected cells nor secrete IFN-vy (15).
Here, we show that a recombinant LASV carrying two mutations
affecting the exonuclease activity and IFN suppression of NP can
mediate DC and M¢ activation and functional NK responses. Im-
portantly, DC were not inhibited after infection with this mutant,

and the activation of M¢ triggered by this mutant is greater than
that with rWT-LASV infection. NK cells secreted IFN-vy after
stimulation by rNP-LASV-infected M, and NK cell cytotoxicity
toward sensitive K562 cells and infected APC was increased. Cell
contacts with APC are essential for NK cell activation and modu-
lation of the repertoire of receptors, but soluble molecules, includ-
ing cytokines secreted by APC, also seem to play a role. These
observations confirm that the exonuclease function of LASV NP is
essential for immune suppression and the inhibition of functional
NK cell responses.

We show that NK cell activation is mediated by cellular contact
with infected APC and soluble factors produced by these accessory
cells. APC-mediated NK cell activation is well documented, and it
involves activating receptor/ligand signaling pathways (18). We
show that rNP-LASV induces a change in the phenotype of in-
fected APC: first, some NK cell-activating ligands are expressed at
the surface of APC following rNP-LASV infection; then, the ex-
pression of several genes encoding cytokines important for NK
cell activation is also modulated. In addition, we have also ob-

postinfection, and the expression of surface CD107a was determined by flow cytometry. NK cells were gated according to forward scatter/side scatter charac-
teristics and expression of CD56. Representative dot plots for four independent experiments are shown. In addition, the percentages of positive cells from
independent experiments (n = 3 or 4) are displayed as dots, and mean values are indicated. (E) The expression of surface CD107a by NK cells cultured with DC
or Mdwas analyzed at 48 h postinfection by flow cytometry. The results are depicted as percentages of positive cells from independent experiments (n = 5)
displayed as dots, and means are indicated by horizontal bars. Statistical significance of differences was determined using Kruskal-Wallis followed by Dunn’s test
(A) or one-way ANOVA with a Bonferroni test (B, C, D, and E) (¥, P < 0.05; ***, P < 0.001).
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mock supernatant and cultured with or without NK cells. (A) The mRNAs
encoding IL-12p35, IL-12p40, IL-15, and IL-18 were assayed at 24 h postin-
fection by quantitative RT-PCR. The results were normalized to the values for
GAPDH and are shown as means and standard errors of the means of four to
seven independent experiments. (B) The supernatants of NK/DC and NK/M¢
cultures were collected at 24 and 72 h postinfection and assayed for IL-18 by
ELISA. The means and standard errors of the means of four to seven indepen-
dent experiments are reported. Statistical significance of differences was deter-
mined using Kruskal-Wallis test followed by Dunn’s post hoc test (*, P < 0.05;
**, P < 0.01). hpi, hours postinfection.

served that rINP-LASV-infected DC and M are activated in that
costimulatory molecules are upregulated and cytokines and
chemokines are released (35). The NK cell activation that we re-
port here is thus consistent with an activated phenotype of APC
induced by rNP-LASV. The role of the interactions between APC
and NK cells in the overall immune response including T cell
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immunity during rNP-LASV infection, however, has still to be
determined.

Further illustration of the change in NK cell phenotype during
rNP-LASV infection is the downregulation of CXCR3. This is
likely due to desensitization of the receptor following the binding
of CXCL9, CXCL10, and CXCL11; indeed, these chemokines are
produced in large amounts during rNP-LASV infection (21). This
mechanism could trigger NK cell migration. NK cell depletion
from the blood has been observed during LASV infection of non-
human primates (22) and may be due to NK cell migration fol-
lowing CXCR3 downregulation. In vivo studies are needed to doc-
ument this issue.

NKp30- and NKG2D-expressing NK cell populations decrease
after rINP-LASV infection, and this phenomenon has been ob-
served during NK cell activation (23, 24) and following activation
by exogenous IL-2/phytohemagglutinin (PHA) (15). NKp30 and
NKG2D are cytotoxicity receptors involved in the recognition of
target cells (25). The downregulation of these two receptors at the
surface of NK cells may be due to the binding of activating ligands
followed by desensitization. Specifically, in response to activating
stimuli, macrophages express various ligands of the activating re-
ceptor NKG2D, including ULBP-1, ULBP-2, ULBP-3, and MICA
(24). Consistent with this, we show that MICA/B are expressed at
the surface of DC and Md after rNP-LASV infection. Other
NKG2D ligands such as ULBP molecules may also play a role. In
accordance with these findings, prolonged exposure to its ligands
downregulates NKG2D on NK cells (23). We did not find any
change in the expression of the published NKp30 ligands, BAT3
and B7-H6. Unfortunately, little is known about the identity of
NKp30 ligands, and some as yet unidentified molecules may be
involved during rNP-LASV infection. We believe that soluble li-
gands of activating NK cell receptors may play a role in desensi-
tizing these receptors and more generally in the modulation of NK
cell phenotype. Intracellular BAT3 can be released in exosomes by
DC and bind to NKp30, thereby triggering NK cell functions (26).
Similarly, NKG2D ligands including ULBP molecules are shed in
response to HIV-1 and inhibit NKG2D-mediated NK cell activa-
tion (27). Further investigation of the expression of such soluble
ligands of NK cell-activating receptors during LASV infection
would be informative. Finally, the results of our study of rNP-
LASV infection are consistent with published findings that acti-
vating ligands are produced by activated APC and mediate NK cell
activation.

One of the most striking differences between NK cell activation
mediated by rNP-LASV and that mediated by LASV is the ability
of NK cells to lyse INP-LASV-infected APC. Indeed, despite sub-
stantial acquisition of cytotoxic functions and lysis of K562 cells,
NK cells failed to lyse LASV-infected M, which thus appear to be
resistant to death mediated by activated NK cells. In contrast, NK
cells efficiently degranulated toward rNP-LASV-infected APC, in-
dicating that they are able to kill both DC and M¢ during infection
by rNP-LASV. This suggests that NK cells have acquired a more
efficient cytotoxic phenotype and/or that rNP-LASV-infected
APC are susceptible to NK cell-mediated cell death. Further work
is required to characterize the mechanisms underlying these dif-
ferences. Nevertheless, the exonuclease activity of LASV NP to
affect substantially the functional properties of NK cells and/or to
render infected cells resistant to NK cell-mediated cell death is
probably a key event in immunosuppression during Lassa fever.
Unfortunately, we were not able to detect any difference between
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the titers of the supernatants of NK/APC cocultures and APC
single cultures as NP-LASV replicates poorly in DC and Md.
However, we demonstrate that activated NK cells are fully func-
tional and kill INP-LASV-infected APC in the culture. Whether
they may be involved in vivo to control the infection at an early
step during rNP-LASV infection or after challenge with LASV has
to be evaluated in further studies.

Functional NK cells also secrete IFN-y. We show here that
rNP-LASV induces substantial production of IFN-y in NK/Md
culture. In our model, IFN-vy secretion can be modulated by the
levels of type I IFN as described during lymphocytic choriomen-
ingitis virus infection (28, 29). Specifically, IFN-y production is
regulated by a balance between STAT1 and STAT4 transcriptional
pathways that are differentially activated according to the levels of
IFN-a/B. NK cells express high levels of STAT4, driving IFN-y
secretion in response to type I IFN, and STAT1 activation re-
presses IFN-y production. Nothing is known about STAT1/
STAT4 regulation in NK cells during LASV infection. Further
studies are needed to determine if, in our model, the expression of
IEN-y by NK cells is modulated by the type I IFN response
through these transcription factors. Other cytokines may play a
role in IFN-vy production: IL-12 and IL-18 are important media-
tors of IFN-y production (18, 30, 31) and are likely to be involved
during rNP-LASV infection. We show that IL-12 and IL-18
mRNAs are produced in NK/APC cocultures during rNP-LASV
infection and also that these cytokines themselves were not detect-
able in the supernatants. Possible explanations include a local se-
cretion or a contact-dependent mechanism enabling NK cells to
directly use these cytokines. Indeed, IL-12 can transit from DC to
NK cells via synapses (30). Such a mechanism may operate in our
model although this remains to be demonstrated. Also, the role of
IFN-v in the initiation of T cell responses during rNP-LASV in-
fection remains unclear; we do not know whether IFN-v is pro-
duced in vivo during rNP-LASV infection. Further work on these
issues may indicate whether rNP-LASV-activated NK cells could
mediate protection against WT-LASV.

LASV and other arenaviruses suppress IFN production via a
unique exonuclease activity of NP (7-9). This function allows NP
to digest viral dsRNA substrates generally sensed by retinoic acid-
inducible gene I (RIG-I). The mechanism leading to the inhibition
of the primary type I IFN response during LASV infection is still
unclear. As shown for lymphocytic choriomeningitis virus (32), an-
other Old World Arenavirus, this mechanism may involve the RIG-
I/melanoma-differentiation-associated gene 5 (MDAS5) pathway.
We show that residues 389 and 392 in the active site of the exonu-
clease domain of NP or nearby strongly affect IFN production by
APC (19). Other investigators have confirmed that residue 389 is
mandatory for functional exonuclease activity of NP (7, 9). In
addition to the inhibition of primary responses in LASV-infected
cells, an early blockade of type I IFN production prevents subse-
quent transcription of IFN-stimulated genes (ISG), including
some encoding mediators of NK cell activation. Our results here
suggest that the lack of functional activity of NK cells observed
during WT-LASV infection (15) is due at least partially to the
inhibition of the type I IFN response via the enzymatic activity of
LASV NP. The amounts of IFN-a and IFN-3 may not be sufficient
to induce fully activated APC and NK cells. In contrast, rNP-
LASV-infected DC and M¢ produce large amounts of type I IFN,
thus driving NK cell activation. The role of these mediators in
rNP-LASV infection should be investigated. Unfortunately, neu-
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tralizing antibodies directed against IFN-a and its receptor were
insufficient to block the amounts of type I IFN present in our
model (data not shown). Also various other investigative ap-
proaches are problematic with primary cells used as in our model.
It is unlikely that the induction of NK cell responses directly re-
sults from a low replication of INP-LASV in DC and M¢. In con-
trast to other studies (4, 7), we previously reported that INP-LASV
is stable but has a reduced minigenome activity, suggesting that
residues D389 and G392 play a crucial role in viral infectivity and
replication (19). It has been shown that the lymphocytic chorio-
meningitis virus, an Old World Arenavirus, harboring a D382 sub-
stitution in NP (equivalent to 389 in LASV NP) grows to a slightly
decreased level in IFN-deficient cells and is dramatically attenu-
ated in IFN-competent cells (4). Moreover, [FN-a has been shown
to regulate LASV replication (33). Together, these data suggest
that the exonuclease activity upstream to the anti-IFN function of
LASV NP is required for replication in APC, but we believe that it
is mostly due to an indirect effect including a strong type I IFN
response. NK cell responses will then result from rNP-LASV-in-
duced APC activation.

A recent study showed that LASV and other arenavirus NPs
inhibit the translocation and transcriptional activity of nuclear
factor-kB (NF-kB) (34). Moreover, the authors reported that re-
combinant lymphocytic choriomeningitis virus containing
D382A and G385A substitutions (corresponding to 389 and 392 in
LASV sequence, respectively) failed to inhibit NF-«kB activation.
Such findings have to be demonstrated for LASV, but D389A and
G392A substitutions in LASV NP are likely to be crucial in the
inhibition of NF-kB transcriptional activation. We believe that
rNP-LASV may thus allow NF-kB-triggered immune responses in
our model. This explains the substantial amounts of inflammatory
chemokines secreted by rNP-LASV-infected APC (21).

In conclusion, we show here that residues 389 and 392 are
involved in APC-mediated NK cell activation. Mutations at these
positions affect NP function leading to the induction of immune
responses. These findings thus confirm that the exonuclease activ-
ity of LASV NP is crucial in the inhibition of the immune response
during LASV infection: it acts on APC with consequences for NK
cell responses. As the infection with rNP-LASV leads to APC ac-
tivation and NK cell responses presenting an activated phenotype
and a full spectrum of functional properties, we would expect than
T cell responses would similarly be boosted. This work provides
new tools and suggests significant possibilities relevant to the im-
mune response during LASV infection and viral hemorrhagic fe-
vers generally. It also reveals potentially important clues about the
mechanisms by which these viruses evade the immune system.

ACKNOWLEDGMENTS

M.R. held a fellowship from the Délégation Générale de ’Armement (G.
Vergnaud, the French Army).

We thank S. Becker for providing us with the AV strain of LASV, M.
Bouloy for LASV reverse genetic tools, T. G. Ksiazek, P. E. Rollin, and P.
Jahrling for LASV MADbs, and the Etablissement Francais du Sang for
providing human blood. We also thank the Laboratoire P4-Jean Mérieux
team for access to their BSL4 facility.

We declare that we have no conflicts of interest.

REFERENCES

1. McCormick J. 1987. A prospective study of the epidemiology and ecology of
Lassa fever. J. Infect. Dis. 155:437—444. http://dx.doi.org/10.1093/infdis/155
.3.437.

jviasm.org 13819


http://dx.doi.org/10.1093/infdis/155.3.437
http://dx.doi.org/10.1093/infdis/155.3.437
http://jvi.asm.org

Russier et al.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

13820

. Fisher-Hoch S, Hutwagner L, Brown B, McCormick J. 2000. Effective

vaccine for Lassa fever. J. Virol. 74:6777—6783. http://dx.doi.org/10.1128
/JV1.74.15.6777-6783.2000.

. Buchmeier M, de la Torre J-C, Peters C. 2007. Arenaviridae: the viruses

and their replication, p 1791-1827. In Knipe DM, Howley PM, Griffin DE,
Lamb RA, Martin MA, Roizman B, Straus SE (ed), Fields virology, 5th ed.
Lippincott Williams & Wilkins, Philadelphia, PA.

. Martinez-Sobrido L, Emonet S, Giannakas P, Cubitt B, Garcia-Sastre A,

de la Torre JC. 2009. Identification of amino acid residues critical for the
anti-interferon activity of the nucleoprotein of the prototypic arenavirus
lymphocytic choriomeningitis virus. J. Virol. 83:11330—11340. http://dx
.doi.org/10.1128/JV1.00763-09.

. Martinez-Sobrido L, Giannakas P, Cubitt B, Garcia-Sastre A, de la

Torre JC. 2007. Differential inhibition of type I interferon induction by
arenavirus nucleoproteins. J. Virol. 81:12696-12703. http://dx.doi.org/10
.1128/JV1.00882-07.

. Martinez-Sobrido L, Zuniga EI, Rosario D, Garcia-Sastre A, de la Torre

JC. 2006. Inhibition of the type I interferon response by the nucleoprotein
of the prototypic arenavirus lymphocytic choriomeningitis virus. J. Virol.
80:9192-9199. http://dx.doi.org/10.1128/JVI.00555-06.

. Qi X, Lan S, Wang W, Schelde L, Dong H, Wallat G, Ly H, Liang Y,

Dong C. 2010. Cap binding and immune evasion revealed by Lassa
nucleoprotein structure. Nature 468:779-783. http://dx.doi.org/10.1038
/nature09605.

. Hastie K, Kimberlin C, Zandonatti M, MacRae I, Saphire E. 2011.

Structure of the Lassa virus nucleoprotein reveals a dsSRNA-specific 3" to 5’
exonuclease activity essential for immune suppression. Proc. Natl. Acad.
Sci. U. S. A. 108:2396—2401. http://dx.doi.org/10.1073/pnas.1016404108.

. Jiang X, Huang Q, Wang W, Dong H, Ly H, Liang Y, Dong C. 2013.

Structures of arenaviral nucleoproteins with triphosphate dsRNA reveal a
unique mechanism of immune suppression. J. Biol. Chem. 288:16949—
16959. http://dx.doi.org/10.1074/jbc.M112.420521.

Hastie KM, Bale S, Kimberlin CR, Saphire EO. 2012. Hiding the evi-
dence: two strategies for innate immune evasion by hemorrhagic fever
viruses. Curr. Opin. Virol. 2:151-156. http://dx.doi.org/10.1016/j.coviro
.2012.01.003.

Baize S, Kaplon J, Faure C, Pannetier D, Georges-Courbot MC, Deubel
V. 2004. Lassa virus infection of human dendritic cells and macrophages is
productive but fails to activate cells. J. Immunol. 172:2861-2869. http://dx
.doi.org/10.4049/jimmunol.172.5.2861.

Mahanty S, Hutchinson K, Agarwal S, McRae M, Rollin PE, Pulendran
B. 2003. Cutting edge: impairment of dendritic cells and adaptive immu-
nity by Ebola and Lassa viruses. J. Immunol. 170:2797-2801. http://dx.doi
.org/10.4049/jimmunol.170.6.2797.

Baize S, Pannetier D, Faure C, Marianneau P, Marendat I, Georges-
Courbot MC, Deubel V. 2006. Role of interferons in the control of Lassa
virus replication in human dendritic cells and macrophages. Microbes
Infect. 8:1194-1202. http://dx.doi.org/10.1016/j.micinf.2006.02.002.
Pannetier D, Reynard S, Russier M, Journeaux A, Tordo N, Deubel V,
Baize S. 2011. Human dendritic cells infected with the nonpathogenic Mo-
peia virus induce stronger T-cell responses than those infected with Lassa
virus. J. Virol. 85:8293—8306. http://dx.doi.org/10.1128/JV1.02120-10.
Russier M, Reynard S, Tordo N, Baize S. 2012. NK cells are strongly
activated by Lassa and Mopeia virus-infected human macrophages in vitro
but do not mediate virus suppression. Eur. J. Immunol. 42:1822-1832.
http://dx.doi.org/10.1002/¢ji.201142099.

Biron CA, Nguyen KB, Pien GC, Cousens LP, Salazar-Mather TP. 1999.
Natural killer cells in antiviral defense: function and regulation by innate
cytokines. Annu. Rev. Immunol. 17:189-220. http://dx.doi.org/10.1146
/annurev.immunol.17.1.189.

Martin-Fontecha A, Thomsen LL, Brett S, Gerard C, Lipp M, Lanza-
vecchia A, Sallusto F. 2004. Induced recruitment of NK cells to lymph
nodes provides IFN-gamma for T(H)1 priming. Nat. Immunol. 5:1260—
1265. http://dx.doi.org/10.1038/ni1138.

Gerosa F, Baldani-Guerra B, Nisii C, Marchesini V, Carra G, Trinchieri G.
2002. Reciprocal activating interaction between natural killer cells and dendritic
cells. J. Exp. Med. 195:327-333. http://dx.doi.org/10.1084/jem.20010938.
Carnec X, Baize S, Reynard S, Diancourt L, Caro V, Tordo N, Bouloy M. 2011.
Lassa virus nucleoprotein mutants generated by reverse genetics induce a robust
type I interferon response in human dendritic cells and macrophages. J. Virol.
85:12093-12097. http://dx.doi.org/10.1128/JV1.00429-11.

Baize S, Pannetier D, Oestereich L, Rieger T, Koivogui L, Magassouba
N, Soropogui B, Sow MS, Keita S, De Clerck H, Tiffany A, Dominguez

jvi.asm.org

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

G, Loua M, Traore A, Kolie M, Malano ER, Heleze E, Bocquin A, Mely
S, Raoul H, Caro V, Cadar D, Gabriel M, Pahlmann M, Tappe D,
Schmidt-Chanasit J, Impouma B, Diallo AK, Formenty P, Van Herp M,
Gunther S. 16 April 2014. Emergence of Zaire Ebola virus disease in
Guinea—preliminary report. N. Engl. J. Med. http://dx.doi.org/10.1056
/NEJMoa1404505.

Pannetier D, Reynard S, Russier M, Carnec X, Baize S. 2014. Production
of CXC and CC chemokines by human antigen-presenting cells in re-
sponse to Lassa virus or closely related immunogenic viruses, and in cyn-
omolgus monkeys with Lassa fever. PLoS Negl. Trop. Dis. 8:2637. http:
//dx.doi.org/10.1371/journal.pntd.0002637.

Baize S, Marianneau P, Loth P, Reynard S, Journeaux A, Chevallier M,
Tordo N, Deubel V, Contamin H. 2009. Early and strong immune
responses are associated with control of viral replication and recovery in
Lassa virus-infected cynomolgus monkeys. J. Virol. 83:5890-5903. http:
//dx.doi.org/10.1128/JVI1.01948-08.

Kloss M, Decker P, Baltz KM, Baessler T, Jung G, Rammensee HG,
Steinle A, Krusch M, Salih HR. 2008. Interaction of monocytes with NK
cells upon Toll-like receptor-induced expression of the NKG2D ligand
MICA. J. Immunol. 181:6711-6719. http://dx.doi.org/10.4049/jimmunol
.181.10.6711.

Nedvetzki S, Sowinski S, Eagle RA, Harris J, Vely F, Pende D, Trows-
dale J, Vivier E, Gordon S, Davis DM. 2007. Reciprocal regulation of
human natural killer cells and macrophages associated with distinct im-
mune synapses. Blood 109:3776-3785. http://dx.doi.org/10.1182/blood
-2006-10-052977.

Moretta A, Bottino C, Vitale M, Pende D, Cantoni C, Mingari MC,
Biassoni R, Moretta L. 2001. Activating receptors and coreceptors in-
volved in human natural killer cell-mediated cytolysis. Annu. Rev. Immu-
nol. 19:197-223. http://dx.doi.org/10.1146/annurev.immunol.19.1.197.
Simhadri VR, Reiners KS, Hansen HP, Topolar D, Simhadri VL,
Nohroudi K, Kufer TA, Engert A, Pogge von Strandmann E. 2008.
Dendritic cells release HLA-B-associated transcript-3 positive exosomes
to regulate natural killer function. PLoS One 3:e3377. http://dx.doi.org/10
.1371/journal.pone.0003377.

Matusali G, Tchidjou HK, Pontrelli G, Bernardi S, D’Ettorre G, Vullo
V, Buonomini AR, Andreoni M, Santoni A, Cerboni C, Doria M. 2013.
Soluble ligands for the NKG2D receptor are released during HIV-1 infec-
tion and impair NKG2D expression and cytotoxicity of NK cells. FASEB J.
27:2440-2450. http://dx.doi.org/10.1096/1j.12-223057.

Nguyen KB, Cousens LP, Doughty LA, Pien GC, Durbin JE, Biron CA.
2000. Interferon alpha/beta-mediated inhibition and promotion of inter-
feron gamma: STAT]1 resolves a paradox. Nat. Immunol. 1:70-76. http:
//dx.doi.org/10.1038/76940.

Mack EA, Kallal LE, Demers DA, Biron CA. 2011. Type 1 interferon
induction of natural killer cell gamma interferon production for defense
during lymphocytic choriomeningitis virus infection. mBio 2(4):e00169-
11. http://dx.doi.org/10.1128/mBi0.00169-11.

Borg C, Jalil A, Laderach D, Maruyama K, Wakasugi H, Charrier S,
Ryffel B, Cambi A, Figdor C, Vainchenker W, Galy A, Caignard A,
Zitvogel L. 2004. NK cell activation by dendritic cells (DCs) requires the
formation of a synapse leading to IL-12 polarization in DCs. Blood 104:
3267-3275. http://dx.doi.org/10.1182/blood-2004-01-0380.

Chaix J, Tessmer MS, Hoebe K, Fuseri N, Ryffel B, Dalod M, Alexo-
poulou L, Beutler B, Brossay L, Vivier E, Walzer T. 2008. Cutting edge:
priming of NK cells by IL-18. J. Immunol. 181:1627-1631. http://dx.doi
.org/10.4049/jimmunol.181.3.1627.

Zhou S, Cerny AM, Zacharia A, Fitzgerald KA, Kurt-Jones EA, Finberg
RW. 2010. Induction and inhibition of type I interferon responses by
distinct components of lymphocytic choriomeningitis virus. J. Virol. 84:
9452-9462. http://dx.doi.org/10.1128/JV1.00155-10.

Asper M, Sternsdorf T, Hass M, Drosten C, Rhode A, Schmitz H,
Gunther S. 2004. Inhibition of different Lassa virus strains by alpha and
gamma interferons and comparison with a less pathogenic arenavirus. J.
Virol. 78:3162-3169. http://dx.doi.org/10.1128/JV1.78.6.3162-3169.2004.
Rodrigo WW, Ortiz-Riano E, Pythoud C, Kunz S, de la Torre JC,
Martinez-Sobrido L. 2012. Arenavirus nucleoproteins prevent activation
of nuclear factor kappa B. J. Virol. 86:8185-8197. http://dx.doi.org/10
.1128/JV1.07240-11.

Reynard S, Russier M, Fizet A, Carnec X, Baize S. 2014. Exonuclease
domain of the Lassa virus nucleoprotein is critical to avoid RIG-I signaling
and to inhibit the innate immune response. J. Virol. 88:13923-13927. http:
//dx.doi.org/10.1128/JV1.01923-14.

Journal of Virology


http://dx.doi.org/10.1128/JVI.74.15.6777-6783.2000
http://dx.doi.org/10.1128/JVI.74.15.6777-6783.2000
http://dx.doi.org/10.1128/JVI.00763-09
http://dx.doi.org/10.1128/JVI.00763-09
http://dx.doi.org/10.1128/JVI.00882-07
http://dx.doi.org/10.1128/JVI.00882-07
http://dx.doi.org/10.1128/JVI.00555-06
http://dx.doi.org/10.1038/nature09605
http://dx.doi.org/10.1038/nature09605
http://dx.doi.org/10.1073/pnas.1016404108
http://dx.doi.org/10.1074/jbc.M112.420521
http://dx.doi.org/10.1016/j.coviro.2012.01.003
http://dx.doi.org/10.1016/j.coviro.2012.01.003
http://dx.doi.org/10.4049/jimmunol.172.5.2861
http://dx.doi.org/10.4049/jimmunol.172.5.2861
http://dx.doi.org/10.4049/jimmunol.170.6.2797
http://dx.doi.org/10.4049/jimmunol.170.6.2797
http://dx.doi.org/10.1016/j.micinf.2006.02.002
http://dx.doi.org/10.1128/JVI.02120-10
http://dx.doi.org/10.1002/eji.201142099
http://dx.doi.org/10.1146/annurev.immunol.17.1.189
http://dx.doi.org/10.1146/annurev.immunol.17.1.189
http://dx.doi.org/10.1038/ni1138
http://dx.doi.org/10.1084/jem.20010938
http://dx.doi.org/10.1128/JVI.00429-11
http://dx.doi.org/10.1056/NEJMoa1404505
http://dx.doi.org/10.1056/NEJMoa1404505
http://dx.doi.org/10.1371/journal.pntd.0002637
http://dx.doi.org/10.1371/journal.pntd.0002637
http://dx.doi.org/10.1128/JVI.01948-08
http://dx.doi.org/10.1128/JVI.01948-08
http://dx.doi.org/10.4049/jimmunol.181.10.6711
http://dx.doi.org/10.4049/jimmunol.181.10.6711
http://dx.doi.org/10.1182/blood-2006-10-052977
http://dx.doi.org/10.1182/blood-2006-10-052977
http://dx.doi.org/10.1146/annurev.immunol.19.1.197
http://dx.doi.org/10.1371/journal.pone.0003377
http://dx.doi.org/10.1371/journal.pone.0003377
http://dx.doi.org/10.1096/fj.12-223057
http://dx.doi.org/10.1038/76940
http://dx.doi.org/10.1038/76940
http://dx.doi.org/10.1128/mBio.00169-11
http://dx.doi.org/10.1182/blood-2004-01-0380
http://dx.doi.org/10.4049/jimmunol.181.3.1627
http://dx.doi.org/10.4049/jimmunol.181.3.1627
http://dx.doi.org/10.1128/JVI.00155-10
http://dx.doi.org/10.1128/JVI.78.6.3162-3169.2004
http://dx.doi.org/10.1128/JVI.07240-11
http://dx.doi.org/10.1128/JVI.07240-11
http://dx.doi.org/10.1128/JVI.01923-14
http://dx.doi.org/10.1128/JVI.01923-14
http://jvi.asm.org

	The Exonuclease Domain of Lassa Virus Nucleoprotein Is Involved in Antigen-Presenting-Cell-Mediated NK Cell Responses
	MATERIALS AND METHODS
	Cells and virus strains.
	Preparation of DC, M, and NK cells.
	Infection of DC and M and culture with NK cells.
	Phenotypic analysis by flow cytometry.
	CD107a assay.
	ELISA.
	Analysis of mRNA levels by quantitative reverse transcription-PCR (RT-PCR).
	Statistical analysis.

	RESULTS
	NK cells are activated by rNP-LASV-infected APC.
	Activating and chemokine NK cell receptors are modulated by rNP-LASV-infected APC.
	NK cell activation mediated by rNP-LASV-infected APC involves cell contacts and soluble factors.
	rNP-LASV-infected M induce the production of IFN- by NK cells.
	Granzyme B, perforin, FasL, and TRAIL lytic factors as well as Fas receptor seem to be upregulated during rNP-LASV infection.
	rNP-LASV-infected APC stimulate NK cell cytotoxicity.
	rNP-infected DC and M express NK cell-activating NKG2D ligands.
	rNP-LASV-infected APC produce mRNAs encoding cytokines involved in NK cell activation.

	DISCUSSION
	ACKNOWLEDGMENTS
	REFERENCES


